ABSTRACT: An experimental investigation of sub-wavelength imaging by a wire medium slab is performed. A complex-shaped near field source is used in order to test imaging performance of the device. It is demonstrated that the ultimate bandwidth of operation of the constructed imaging device is 4.5°Oo that coincides with theoretical predictions [Phys. Rev. E 73, 056607 (2006)]. Within this band the wire medium slab is capable of transmitting images with X115 resolution irrespectively of the shape and complexity of the source. Actual bandwidth of operation for particular nearfield sources can be larger than the ultimate value and it strongly depends on the configuration of the source.
INTRODUCTION
An original concept of imaging with resolution smaller than the wavelength (sub-wavelength imaging) has been recently proposed in [1] . It has been demonstrated that a regular array of parallel conducting wires (see Fig. l(a) ) is capable of transporting images with sub-wavelength details from one planar interface to another. The principle of operation of this device (see [2] ) is based on the idea of transforming the whole spatial spectrum of the sub-wavelength source to the propagating modes inside of a metamaterial formed by the array of wires, also called as the wire medium [3] . In such a way, the evanescent waves which carry sub-wavelength information and normally decay in free space can be transformed into the propagating modes inside of the wire medium and transported to significant distances. All dimensions are in millimeters.
The initial experimental investigation of the sub-wavelength imaging capability of the wire medium slab has been performed recently in [1] . The antenna in the form of letter 'P' was used as a sub-wavelength source. The clear images of the source were detected at the back interface of the transmission device and resolution of X/15 was demonstrated for 1800 operation bandwidth. On the other hand, extensive theoretical studies [4] The slab of wire medium is a transmission device, not a usual lens. It transports information from its front interface to the back interface, that is why for this device the source is the field at its input and the image is the field at its output. The electric field at 2 mm distance from the front interface of the meander-line antenna located in free space (without the wire medium) was scanned and treated it as the source field. After that the meander-line antenna was placed at the front interface of the wire medium slab and the field at 2 mm distance from the front interface of the antenna was scanned once gain. This allows us to detect the difference between the field created by antenna with and without the presence of wire medium. The image appears at the back interface of the slab, but we scan it at 2 mm distance in order to avoid touching of the probe and the transmission device. At frequencies lower than 920 MHllz (up to 870 MHz) the fields in the source plane with and without wire medium slab remains practically identical. However, the image is distorted by sharp maxima (see Fig. 3 for result at 880 MHz). These maxima are caused by surface waves excited at the interfaces of the wire medium and were predicted theoretically in [4] . We can say that at these frequencies the transmission device remains to demonstrate the subwavelength imaging capability, but with reduced resolution. At frequencies lower than 870 MHz the surface waves completely degrade the image and simultaneously provide strong reflections which make distribution in the source and image planes different.
At frequencies higher than 960 MHz the imaging performance of the transmission device also degrades, but this happens because of other reasons as compared to the frequencies lower than 920 MHz when the surface waves destroy the operation. Already at 970 MHz the distributions at the source plane with and without wire medium become significantly different. It can be explained by strong reflections from the slab which change distribution of currents in the antenna. In this case reflections are much more prominent than those at lower frequencies and are caused by the fact that the slab does not fulfill Fabry-Perot resonance condition anymore. Following the theoretical studies [4] , at lower frequencies the reflection coefficient is large only for spatial harmonics with wave vectors close to the wave vector of the surface wave. That is why while the wave vector of the surface wave is large (870-920 MHz) we observe only sharp maxima in the image plane and no significant changes between fields in the source plane with and without wire medium. As the wave vector of the surface wave decreases ( <870 MHz) the reflections experienced by the antenna from the wire medium increase and completely destroy the imaging. In the case of high frequencies (> 960 MHz) there are no surface waves, but the reflection increases and this increase happens simultaneously for all spatial harmonics. That is why we observe strong difference between fields in the source plane with and without wire medium at these frequencies. However, it is interesting to note that the distributions in the source and image planes of the transmission device remain practically identical (see Fig. 3 for result at 970 MHz and 1 GHz). The difference is practically negligible for 960-1060 MHz range. The resolution remains the same (1-2 cm, about X/15) as at lower frequencies. Following the theoretical predictions [4] the resolution should slightly degrade with increase of frequency, however, within the tested frequency range we were not able to detect any significant degradation of resolution.
Thus, we can conclude that the wire medium slab has good sub-wavelength imaging properties even at frequencies higher than the frequency of Fabry-Perot resonance, but the reflection coefficient happens to be an issue. If the subwavelength source is sensitive to external field (for example, the meander-line antenna whose current distribution changes in an external field), then the wire medium slab can not be used for its imaging. However, if the source field is not sensitive to external fields (for example, an array of small antennas fed by fixed current sources), then it remains unaffected by reflections from the transmission device and the wire medium slab can be successfully used for imaging of this source with very good sub-wavelength resolution. The antenna in the form of P-letter used in [1] is not very insensitive to reflections from the wire medium slab and that is why the sub-wavelength imaging with X/15 resolution was reported in [1] for the range from 920 MHz to 1.1 GHz.
CONCLUSION
In this paper the minimum operation bandwidth of the wire medium slab as the sub-wavelength imaging device, theoretically predicted in [4] , was confirmed experimentally. We would like to stress that the actual bandwidth of operation significantly depends on the complexity and sensitivity of the source to reflections from the wire medium slab. For sources which are not sensitive to external fields the sub-wavelength imaging can be performed within significantly wide frequency range. However, for an arbitrary source the imaging can be guaranteed only within the minimum bandwidth. We would like to remind [1, 4] that the wire medium slabs are able to transmit images to any long distances specified by particular application. The only restriction is that the length of the transmission device should be equal to an integer number of half-wavelengths in order to fulfill Fabry-Perot condition and eliminate unwanted reflections. The resolution of the wire medium slab is ultimately defined by its period. That is why in the microwave frequency range practically any fine sub-wavelength resolution can be obtained if the wire medium with the sufficiently small period can be manufactured.
